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NeuroectodermThe Drosophila neuroectoderm is initially subdivided into three longitudinal domains that give rise to col-
umns of neuroblasts. This subdivision is coordinately accomplished by the action of the signaling pathways,
Dorsal and Epidermal Growth Factor Receptor (EGFR), in conjunction with the homeodomain proteins, Ven-
tral nervous system defective, Intermediate neuroblasts defective (Ind) and Muscle Segment Homeobox. We
previously demonstrated that Ind expression is activated in response to the EGFR pathway. Here we show
that EGF signaling subsequently mediates the direct phosphorylation of Ind by MAP kinase, which enhances
the capacity of Ind to repress target genes, such as achaete. Speciﬁcally, we show that reduced EGF signaling
results in diminished repression of achaete in the intermediate column, despite the presence of high levels of
Ind protein. We also demonstrate that ectopic activation of MAP kinase results in the lateral expansion of the
Ind expression domain with a corresponding reduction in achaete expression. This regulation is also depen-
dent on the co-repressor, Dichaete. Our data indicate that EGF signaling, acting through MAP kinase, im-
pinges on multiple aspects of Ind regulatory activity. While it has been often demonstrated that MAP
kinase phosphorylation of transcriptional repressors attenuates their repressor activity, here we provide an
example of phosphorylation enhancing repressor activity.), tonia@vet.k-state.edu
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
In Drosophila the Map kinase (MAPK), Rolled, plays a key role in sev-
eral different developmental processes. Initially, it is activated in the ter-
mini of the embryo by Torso signaling (Furriols and Casanova, 2003).
Later, during the early stages of central nervous system (CNS) develop-
ment, Rolled is activated in the developing neuroectoderm by the Epi-
dermal Growth Factor Receptor (EGFR) pathway (Gabay et al., 1997;
Skeath, 1998), and in themesoderm by the Fibroblast Growth Factor Re-
ceptor (FGFR) pathway (Shishido et al., 1997; Vincent et al., 1998). Ulti-
mately, activation of Rolled by its immediate upstream effector, MAP
Kinase Kinase (MEK), results in its translocation to the nucleus where
it phosphorylates a number of nuclear targets. ETS-class DNA binding
proteins are among the primary group of transcription factors modiﬁed
by MAPK. In the Drosophila neuroectoderm, the pointed (pnt) protein,
Pnt P2, is activated by MAPK-mediated phosphorylation (Brunner et al.,
1994). Other known targets include the negative regulators, Yan and
Capicua, both of which are exported to the cytoplasm and degraded
upon phosphorylation (Astigarraga et al., 2007; O'Neill et al., 1994;
Rebay and Rubin, 1995). Another non-DNA binding target of MAPK is
Groucho, a transcriptional co-repressor that interacts with numerousDNA binding proteins (Cinnamon et al., 2008; Hasson et al., 2005). In
this paper we uncover a novel transcription factor substrate for MAPK.
The expression domains of the three homeodomain proteins, Ventral
nervous system defective (Vnd), Intermediate neuroblasts defective
(Ind), andMuscle SegmentHomeobox (Msh) deﬁne the ventral, interme-
diate and lateral columnar domains across the dorsoventral (DV) axis of
the Drosophila embryo (Chu et al., 1998; Isshiki et al., 1997; Mc Donald
et al., 1998; Weiss et al., 1998). Additionally, the high mobility group
(HMG) proteins, Dichaete and Sox Neuro, participate in the columnar
sub-division of the neuroectoderm (Buescher et al., 2002; Overton et al.,
2002; Zhao et al., 2007). Notably, MAPK signaling downstream of EGFR
is crucial to the dorsal–ventral patterning of the Drosophila neuroecto-
derm. The activated form of MAPK is present in the ventral and interme-
diate neuroectoderm, but not in the lateral domain (Skeath, 1998).
Previously, we demonstrated that the EGFR pathway is essential for ex-
pression of ind in the intermediate column (Helman et al., 2011; Von
Ohlen and Doe, 2000), which ultimately leads to the formation of the in-
termediate column of neuroblasts (Weiss et al., 1998). In the ventral col-
umn, EGF signaling plays a key role in the speciﬁcation of neuroblasts as
well as in the maintenance, but not initiation, of Vnd expression (Gabay
et al., 1996; Skeath, 1998; Udolph et al., 1998; Von Ohlen and Doe,
2000). EGF signaling does not affect patterning or speciﬁcation of the
Msh-dependent lateral column (Skeath, 1998; Udolph et al., 1998).
Maximal activation of the EGFR pathway, and ultimately MAPK,
in the neuroectoderm is accomplished by the activity of two EGF-
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early embryonic neuroectoderm; and Spitz, a TGFα family member,
which requires the activity of the transmembrane protein, Rhom-
boid, for proper secretion (Noll et al., 1994; Schweitzer et al.,
1995). There are two waves of EGF pathway activation in the neu-
roectoderm, initially at stages 5 and 6 and again at stage 9. The ﬁrst
wave requires both Vein and Spitz, while the second wave apparent-
ly only requires Spitz (Skeath, 1998). The CNS phenotype of embryos
mutant for both rhomboid and vein (rho vn) mimics that of EGFR mu-
tant embryos with respect to CNS mis-patterning (Skeath, 1998),
suggesting that these are the only EGFR ligands relevant to this de-
velopmental process.
Here we demonstrate that the homeodomain protein, Ind, is directly
phosphorylated by MAPK in vitro. We genetically demonstrate that
phosphorylation of Ind by MAPK is a regulatory mechanism essential
for accurate repression of target genes, particularly achaete, and to a
lesser degree msh. Furthermore, we show that this repression requires
the co-regulator, Dichaete. Taken together our results strongly suggest
that phosphorylation of Ind by MAPK is a key modulator of Ind regula-
tory activity, which possibly involves physical association of Ind with
Dichaete. Thus, we provide molecular and genetic insights into how
the EGFR signaling pathway modulates Ind repressor activity and how
gene expression is regulated in the neuroectoderm. Our previous work
demonstrated that Vnd is also phosphorylated by MAPK (Zhang et al.,
2008). To date, Vnd and Ind are the only two examples of homeodomain
proteins involved in D–V patterning that are phosphorylated by MAPK.
Furthermore, in each previously described example ofMAPK phosphor-
ylation of transcriptional repressors, phosphorylation results in attenu-
ation of repressor activity (Ajuria et al., 2011; Astigarraga et al., 2007;
Cinnamon et al., 2008; Hasson et al., 2005; Helman et al., 2011; O'Neill
et al., 1994; Rebay and Rubin, 1995). Our work provides the ﬁrst exam-
ple, to our knowledge, where repressor activity is enhanced by MAPK
phosphorylation.Methods
Fly lines
indRR108/TM3ftz-LacZ (Weiss et al., 1998), UAS ind is a full length
wild type ind cDNA inserted into the pUAST vector described in
(Von Ohlen et al., 2007b, 2009). The lines used include rho7M43/
TM3ftzLacZ, pntΔ88/TM3ftzLacZ, pntΔ18/TM3ftzLacZ, vnC221/TM3ftzLacZ,
vnγ4/TM3ftzLacZ, vnL6/TM3ftzLacZ, mshrH96/mshrH96 (Isshiki et al.,
1997), UAS Rhomboid (de Celis et al., 1997), EGFF2/CyOftz LacZ. UAS
Rho and dichaete87/TM3 ftz LacZ (Mukherjee et al., 2000). All EGF pat-
tering mutants were obtained from either the Bloomington Stock
center, Amanda Simcox (Ohio State University), Jocelyn Mc Donald
(Cleveland Clinic), or from Dr. James Skeath (Washington University,
St. Louis).In situ hybridization and antibody stains
A rabbit anti-Ind antibody was used at a dilution of 1:2000 as de-
scribed in Von Ohlen and Moses (2009), mouse Anti-β-Gal antibody
(Promega) was used at 1:500 dilution. Mouse anti-diphosphorylated
ERK 1 and 2 antibody (dpERK; Sigma) was used at 1:2000 dilution.
Digoxigenin (dig) labeled antisense dichaete, achaete and msh probes
were made from cDNAs according to standard procedures (Tautz and
Pfeifﬂe, 1989). For confocal images rabbit anti-Ind (1:1000) and rat
anti-Msh (1:500) antibodies were used. Secondary antibodies were
Rhodamine- (1:2000) or Cy5-conjugated (1:800) (Jackson Laborato-
ries). Embryos were mounted using DakoCytomation medium. Im-
ages were captured with a Leica DM500 light microscope and digital
camera. All images were processed with photoshop software.Phosphorylation assays
Ind and mutant derivatives were synthesized and labeled with the
Quick TNT-coupled rabbit reticulocyte lysate system (Promega) in the
presence of [35S]-methionine. Labeled proteins were then incubated
with (or without) 0.2 mg of active Erk2, in a total volume of 50 μl of
kinase reaction buffer (20 mM HEPES, 0.1 mM benzamidine, 25 mM
beta-glycerophosphate, 0.1 mM DTT, 1 mM Na3VO4, 10 mM MgCl2,
and 0.1 mM ATP) for 30 min at 30 °C. Reactions were stopped by ad-
dition of 3× SDS sample buffer (0.25 M Tris pH 6.8, 6% SDS, 30% glyc-
erol, B-mercaptoethanol, and a few grains of bromophenol blue). The
phosphorylation state of the proteins was analyzed by SDS-PAGE and
autoradiography. To activate Erk2, a His-tagged Erk2 fusion protein
was expressed in Escherichia coli, puriﬁed on nickel beads (QIAGEN),
and activated with active MEK1 (Upstate).
Site directed mutagenesis and constructs
Mutagenesis of ind cDNA was done in pBluescript KS using the
Quick Change Mutagenesis multi Kit (Stratagene) according to pack-
age directions.
Primers used are as follows:
Ind S199A: cacgcgtcctcctgcgctccgaatagctcacc
Ind S308A: caaagcatctccagtggctccccaagtcaaagtc
Ind S135A: atccatcgccaccgctcgcggccaatcccaactccc
Ind S305, 308A: tggagtccccaagcagctccagtggctccccaag
Ind S135D: atccatcgccaccgctcgacgccaatcccaactccc
Ind S308D: caagcatctccagtggacccccaagtcaaagtccac
The Ind S135, 308A (IndAA) and IndS135, 308D (IndDD) constructs
were ampliﬁed by PCR, digested with SalI and XhoI, and subsequently
cloned into the pUAST vector XhoI site with the following primers:
Ind Upper: ccgctcgagaaacccaagatgtcgcgttcatttttgatgg
Ind lower: acggcgtcgacggtgattgattctacgcc
These primers and conditions were also used to clone the samemu-
tant andwild type versions of ind cDNA into the Ract-Hadh vector at the
SalI site for expression in S2 cells. UAS-IndAA and UAS-Ind-DD trans-
genes were sent to the Non-Mammalian Model Systems unit at Duke
University for injection. At least three independent transformants for
each transgene were tested for both expression of Ind protein and abil-
ity to repress achaete andmsh. Anti-Ind stains were done on all lines in
parallel and those that appeared most similar to the WT UAS Ind trans-
genics in expression levels were selected for further experiments.
Results
Repression of achaete by Ind is more effective in the ventral neuroblast
column than in the lateral column
achaete is expressed in a subset of proneural clusters and neuroblasts
in the ventral and lateral columns, but is speciﬁcally excluded from the
intermediate column by the repressor activity of Ind (Fig. 1A–B) (Von
Ohlen et al., 2007a; Weiss et al., 1998; Zhao et al., 2007). In ind mutant
embryos achaete expression is expanded into the intermediate column
(Fig. 1C). Ectopic expression of Ind across the DV axis using the Kruppel
(Kr) Gal4 driver reveals a differential ability of Ind to repress achaete in
the ventral column when compared to the lateral column, with repres-
sion being stronger in ventral column cells (Fig. 1D). Initially the repres-
sion of achaete by Ind in the lateral column is stronger (compare to
Fig. 6A). However, by the endof stage eight approximately 90%of embry-
os observed (16 of 18) show a pattern similar to that shown in Fig. 1D.
This timing coincides preciselywithMAPK activity narrowing to the ven-
tral column (Helman et al., 2011; Skeath, 1998). Since the activity of
MAPK is high in ventral column cells but absent in lateral column cells,
Fig. 1. Ind directly represses achaete in the intermediate column. A) Distribution of Ind
and achaete in wild type embryo doubly labeled for achaetemRNA (purple) and Ind pro-
tein (brown). B–D) achaetemRNA distribution in B)wild type embryo, C) indmutant, and
D)Kr-Gal4 UAS Ind embryo that over-expresses Ind in theKr domain (bracketed). Vertical
line indicates position of ventral midline; v, i and l indicate positions of ventral, interme-
diate and lateral columns, respectively. All embryos are stage 8–9, anterior is up.
Fig. 2. Decreased EGF signaling results in reduced repression activity by Ind. A–E) Ind
protein distribution in A) wild-type embryo, B) rho vn double mutant embryo, C) rho
mutant embryo, and D) vn mutant embryo, F–J) ac mRNA distribution in F) wild-type
embryo, G) rho vn double mutant embryo, H) rho mutant embryo, and I) vn mutant
embryo. Vertical line indicates position of ventral midline and v, i and l indicate posi-
tions of ventral, intermediate and lateral columns, respectively. All panels are ventral
views of stage 8–9 embryos, anterior is up. Arrows in F–H highlight intermediate col-
umn neuroblasts that ectopically express achaete.
Table 1
The achaete expression pattern associated with various vn alleles showing that the
phenotype observed in Fig. 2 is predominantly associated with the vnC221 allele.
vnC221 vn4 vnl6 vnγ4 alleles were screened, all ﬂy lines were balanced over LacZ expres-
sing balancer chromosome and only non-LacZ expressing embryos were scored. Only
the vnC221 allele showed a signiﬁcant number of embryos with ectopic achaete expres-
sion in the intermediate column.
Vein allele Phenotype/n %
vnC221 6/25 24
vn4 1/25 4
vnL6 0/21 0
vnγ4 1/26 4
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aswell as ind expression.We also suggest that this regulationmay be via
direct phosphorylation of Ind by MAPK. To address this hypothesis, we
tested for Ind regulatory activity in mutant backgrounds where the
MAPK activity downstream of EGFR is reduced, but not fully absent. Ex-
pression of msh and achaete, two targets of Ind that we previously de-
scribed (Weiss et al., 1998), were assessed as readouts of Ind repressor
activity. EGF null mutants could not be used, since Ind is not expressed
in the embryonic neuroectoderm in the absence of EGF activity, with a
concomitant lack of intermediate column neuroblasts (Von Ohlen and
Doe, 2000). However, in mutants lacking either vein or rhomboid
(which encode a secreted neuregulin-like molecule that activates EGFR
signaling and a serine protease that processes Spitz, the EGF ligand, re-
spectively), intermediate column neuroblasts form at least a portion of
the time (Skeath, 1998), suggesting that indmay be expressed normally
in these mutant backgrounds.
We found that Ind is completely absent from the neurectoderm in
rhomboid vein (rho vn) double mutants, but is initially expressed in its
normal domain in both rho and vn single mutants (Fig. 2B–D) (Hong
et al., 2008). Although achaete and Ind expression domains are normally
mutually exclusive, we found that achaete expression is partially ex-
panded into the intermediate column in both vein and rhomboidmutant
embryos (Fig. 2G and H). This phenotypewas not completely penetrant
in vnC221mutants, andwas allele-speciﬁc. In other vein alleles, we rarely
found an expansion of the achaete expression domain into the interme-
diate column (Table 1). Also, we found that the expression patterns of
Ind and achaete were normal in pointed (pnt) mutants (data not
shown). This suggested that MAPK directly affects the capacity of Ind
to repress its targets, rather than acting on achaete and possibly other
target regulatory DNA in parallel to Ind. These results further support
our hypothesis that MAPK phosphorylation of Ind is a modiﬁcation
that is essential for maximal transcriptional repressor activity, particu-
larly with regard to repression of achaete expression.
Next we examined the effect of reduced EGF activity on the ability
of Ind to repress the target gene, msh. We performed confocal double
label experiments on WT and rho mutant embryos (Fig. 3). While we
never observed cells expressing both Ind andMsh in theWT embryos,
we detected doubly labeled cells in the rho mutant embryos (com-
pare insets Fig. 3A and B). This result further supported our hypothe-
sis that the phosphorylation state of Ind affects its ability to repress
msh and achaete expression. To rule out the possibility that the re-
duced ability of Ind to repress achaete in the intermediate column
was simply due to lower levels of Ind protein in rho and vnC221 mu-
tants, we examined the expression of achaete in embryos heterozy-
gous for ind. This should result in an overall reduction of Ind protein
levels, but MAPK activity should be normal. For these experiments
we used two different Ind mutants, ind16.2, a P-element excision
line, which lacks the Ind coding region and therefore should be aprotein null allele, and indRR108, which was generated by EMS muta-
genesis, and has a lesion that is currently undeﬁned (Weiss et al.,
1998). These lines were balanced over the TM3 ftz-LacZ balancer, and
heterozygotes were identiﬁed based on levels of LacZ expressed. In het-
erozygous ind16.2 and indRR108 embryos,we observed normal expression
of achaete, suggesting that simply reducing the overall levels of Ind pro-
tein does not compromise Ind's ability to repress its target genes, when
MAPK activity is normal (Fig. S1).
EGFR signaling is essential for Ind repression of achaete but not msh
In addition, we determinedwhether EGFR signaling was essential for
Ind mediated repression of its targets, achaete and msh. If MAPK phos-
phorylation of Ind is essential for repression of achaete, then we would
expect that Ind should be unable to repress achaete in the absence of
EGF signaling. When we ectopically expressed Ind using the Kr-Gal4
driver in an egfrF2 allele mutant background, we found that Ind was un-
able to repress achaete in the ventral or lateral columns (Fig. 4C). Howev-
er, Ind was able to partially repress msh (Fig. 4F). These results, taken
together, further suggested that MAPK phosphorylation of Ind is critical
for repression of achaete, but less so formsh.
Fig. 3. Rho embryos co-express Ind and Msh. Double labeling of embryos for Ind protein (red) and Msh protein (green). A) Wild type embryo with separate Ind and β-gal domains.
A’) Msh protein (green) A”) Ind Protein (red) B) rho embryos with cells that co-express Ind and Msh. B’) Msh protein (green). B”) Ind Protein (red). Insets show higher resolution of
same embryos. All images are ventro-lateral views, anterior is up.
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Next, we examined the ability of MAPK to phosphorylate Ind in bio-
chemical kinase assays (see Methods). Incubation of in vitro translated
Ind with active Erk2 resulted in a protein mobility shift on SDS Page as
compared to the unphosphorylated protein (Fig. 5B, lanes 1 and 2). Po-
tential phosphorylation sites were identiﬁed using two prediction pro-
grams: motif scan (http://scansite.mit.edu) and Kinasephos (http://
kinasephos.mbc.nctu.edu). Four possible MAPK phosphorylation sitesFig. 4. The ability of Ind to repress achaete transcription is dependent on EGFR activity.
A). Ind protein is undetectable in an egfr mutant. B). achaete mRNA in egfr embryo.
C) and egfrmutant that over-expresses ind in the Kr domain. D)mshmRNA distribution
in WT embryo, E) egfr embryo, F) egfrmutant that over-expresses ind in the Kr domain.
Vertical line indicates position of ventral midline; v i and l indicate positions of ventral,
intermediate and lateral columns, respectively. All panels are ventrolateral views of
stage 9 embryos, anterior is up. Bracketed areas indicate the domain of Kr Gal4 expres-
sion, where Ind is ectopically expressed.were identiﬁed at Serine residues S135, S199, S305 and S308
(Fig. 5A), which weremutated to Alanine, individually and in combina-
tion, and tested in the in vitro phosphorylation assays. Versions of Ind in
which S135 or S308 were mutated to Alanine showed a reduced shift
compared to wild type Ind, when treated with Erk2. Mutating S199
alone had little effect, and combining S305A together with S308A did
not augment the effect of S308 alone (Fig. 5C). It is noteworthy that
combining the two mutations, S135A and S308A, was sufﬁcient to im-
pede the mobility shift in SDS PAGE, even in the presence of active
Erk2 (Fig. 5D). Thus Ind can serve as a substrate for phosphorylation
by MAPK/Erk2 in vitro. Furthermore, we have mapped two probable
phosphorylation sites within the Ind protein.
Phosphorylation of Ind is required for repression of achaete
We next addressed the possibility that phosphorylation of Ind by
MAPK affects Ind's regulatory activity in vivo. To this end, we generated
two transgenes for expression of modiﬁed Ind proteins in embryos. Spe-
ciﬁcally the ﬁrst, IndAA, contains the two mutations S135A and S308A
and should therefore produce a protein that cannot be phosphorylated
on these residues. In the second, two phosphomimetic aspartic acid re-
placements were introduced to these sites. The latter, IndDD derivative
(S135D and S308D), should mimic constitutive phosphorylation. Multi-
ple transgenic lines expressing the IndAA and IndDD constructs were
compared for Ind expression levels and lines expressing the Ind variants
at levels similar to the wild-type transgene were selected for further
analysis. When the ind transgenes were over-expressed across the DV
axis using theKr-Gal4 driver,we found that the IndDDmutant transgene
was in fact a stronger repressor of achaete transcription than the IndAA
transgeneor thewild-type transgene (compare Fig. 6A to B andC). How-
ever, all three transgenes similarly repressedmsh (compare Fig. 6D to E
and F). These results suggest that phosphorylation of Ind potentiates its
repressor function, and that this modiﬁcation is more important for re-
pression of achaete thanmsh. Given thatMAPK is not active in the lateral
neuroectoderm where msh is expressed, and that ectopic expression of
Ind alone is sufﬁcient to repressmsh in the lateral column, this result is
not entirely unexpected (Fig. 6D; Von Ohlen et al., 2007a,b; Von Ohlen
andMoses, 2009). Nevertheless, our data support the hypothesis that di-
rect phosphorylation of Ind is important for repression of the target
gene, achaete.
Fig. 5. Ind is phosphorylated by MAPK in vitro. A) Schematic representation of the Ind
protein, highlighting known functional domains and the two mapped phosphorylation
sites at positions S135 and S308. B) In vitro translated Ind protein incubated with (lane
1) and without (lane 2) active vertebrate Erk2. A shift in the mobility of Ind is observed
upon incubation with Erk2, indicative of phosphorylation. Lanes 3 and 4 show a similar
experiment with a known control phosphorylation target. C) Lanes 1–2 and 7–8 show
wild type Ind with (+) and without (−) incubation with Erk2. Lanes 3 and 4, S135A;
lanes 5 and 6, S199A; lanes 9 and 10, S305A and S308A together; lanes 11 and 12,
S308A alone. Arrows highlight the reduced shift of S308A and S135A, when compared
to wild type Ind. D) Mutation of both S135A and S308A prevents phosphorylation of
Ind. Lanes 1 and 2, wild type Ind with (+) and without (−) incubation with Erk2.
Lanes 3 and 4, Ind S135A, S308A (referred to as IndAA). Incubation of IndAA with
Erk2 does not alter the mobility of the protein, indicating that IndAA is not phosphor-
ylated by MAPK (Erk2) in vitro.
Fig. 6. Mutations in Ind's MAPK phosphorylation sites affect its ability to repress
achaete in vivo. A–C) achaete mRNA expression. A) KrGal4xUAS Ind. B) KrGal4xUAS
IndAA and C) KrGal4xUAS IndDD embryos. D–F) msh mRNA in D) KrGal4xUAS Ind.
E) KrGal4xUAS IndAA and F) KrGal4xUAS IndDD embryos. All panels are ventrolateral
views of stage 9 embryos, anterior is up. Bracketed areas indicate the domain of Kr Gal4
expression, and thus the domain of ectopic Ind expression. The IndDD variant is a
stronger repressor of achaete than IndAA or non-mutant Ind, by contrast, each of the
Ind proteins represses msh at similar levels. Note that the transgenic IndAA and
IndDD lines tested we carefully selected those that expressed Ind protein at levels sim-
ilar to the wild-type transgene.
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lated Ind to repress achaete in the lateral column when expressed at
physiological levels. Previously, we demonstrated that ectopic expres-
sion of Rhomboid throughout the embryo results in ectopic activation
of MAPK and consequently in a lateral expansion of the Ind expression
domain (Fig. 7A–B and E–F; Von Ohlen and Doe, 2000). Thus, over-
expression of Rhomboid should produce a situation where Ind is
expressed in the lateral column at physiological levels and be phosphor-
ylated due to the presence of activated MAPK. To test the effects on
achaete expression, we over-expressed Rhomboid across the DV axis
using the Kr-Gal4 driver. As we anticipated, Ind was expanded into the
lateral column (Fig. 7E), coincident with the domain of MAPK activity
(detected using the anti-dpERK antibody,which is speciﬁc for the doubly
phosphorylated active form ofMAPK, Fig. 7F). Importantly, in this genet-
ic background, we found that achaete andmsh were both efﬁciently re-
pressed in the lateral column (Fig. 7G and H). This was primarily
dependent on the activity of Ind, becausewhenwe ectopically expressed
Rhomboid in a similarmanner in a homozygous indmutant background,
achaete and msh were no longer repressed (Fig. 7K and L), an effect ob-
served for all embryos of the appropriate genotype. Thus, expansion of
the expression domain of phosphorylated Ind results in effective repres-
sion of achaete in the lateral column. These experiments, together with
those presented in Fig. 6, allowed us to differentiate between direct
phosphorylation of Ind byMAPK and the parallel action of MAPK signal-
ing and Ind on the achaete regulatory DNA. Our data suggest that the do-
main of achaete repression is larger in embryos where Rhomboid is
ectopically expressed compared to similar expression of the wild type
Ind (compare Figs. 7G to 1D). We suggest that the non-cell autonomous
effect of over-expression of Rhomboid explains this effect, which wouldin turn inﬂuence secretion of the Egfr ligand and trigger activation of the
pathway in nearby cells, versus over-expression of Ind, which should act
cell autonomously.
Phosphorylated Ind requires Dichaete to repress achaete, but
not msh expression
The repression of achaete by Ind is enhanced by its interaction with
the HMG domain protein, Dichaete (Zhao and Skeath, 2002; Zhao et al.,
2007). Furthermore, the achaete expression phenotype is strikingly
similar in Dichaete and rho mutants (compare Figs. 8E to 2G). Thus,
we determinedwhether themodiﬁcation of Ind byMAPK acts indepen-
dent of, or in conjunctionwith, Dichaete. Inwild-type embryosDichaete
is expressed in both the ventral and intermediate columns (Fig. 8A).
Whenwe examined the expression ofDichaete in embryos with altered
MAPK activity, we found thatDichaete is expressed normally in rhomu-
tant embryos at stages 8 and 9 (Fig. 8B). However, Dichaete expression
is expanded when rho is over-expressed in the Kr domain (Fig. 8A–C).
Thus, the combined action of Ind and Dichaete in the lateral column
could be responsible for the phenotypes observed when EGFR signaling
is up-regulated in UAS-rho X Kr-Gal4 embryos.
To determine the relationship between Ind phosphorylation and the
interaction of Ind with Dichaete on the repression ability of Ind, we de-
termined whether phosphorylated Ind could repress achaete in the ab-
sence of Dichaete. We over-expressed Rhomboid in a dichaete mutant
background, allowing us to assess Ind's ability to repress ac and msh in
the lateral column in the absence of dichaete function. In this back-
ground, we found that Ind cannot efﬁciently repress achaete, whereas
msh repression was unaffected (Fig. 8H and I, respectively). Finally, ec-
topic expression of both Ind and Dichaete in an otherwise wild type em-
bryo appears no different than Ind alone, with regard to achaete
repression (Fig. 9B). Ectopic expression of Dichaete alonehad no obvious
effect on achaete expression (Compare Fig. 1D; to Fig. 9A and B). Howev-
er, ectopic expression of Ind in a dichaetemutant background resulted in
an apparent activation of achaete expression, whether phosphorylated
Fig. 7. Ectopic expression of Rhomboid potentiates repression of achaete by Ind. A–D)
Stage 8–9 wild type embryos. E–H) Stage 8–9 KrGal4xUAS Rho embryos. I–L) Stage
8–9 ind-; KrGal4XUAS Rho embryos. A, E, and I) Ind protein distribution in the different
backgrounds. Note the expanded domain of Ind expression in the bracketed area in E.
B, F, and J) Anti-dpERK staining reveals the distribution of activated MAPK protein
(brackets in F and J). C, G and K) achaetemRNA. Note that achaete is repressed in lateral
cells in G, while achaete is ectopically expressed in intermediate cells in K. D, H, and L)
mshmRNA. Vertical line indicates position of ventral midline and v, i and l indicate po-
sitions of ventral, intermediate and lateral columns respectively. All panels are ventral
views of stage 9 embryos. Anterior is up.
Fig. 8. Interaction with Dichaete potentiates Ind's capacity to repress achaete. A–C)
dichaete mRNA expression in A) Wild type embryo, B) rho− embryo, and C) KrGal4-
xUAS-Rho embryo . D) Ind expression in dichaete− embryo. E) achaetemRNA in dichaete−
embryo; arrows indicate intermediate column neuroblasts or proneural clusters that are
expressing achaete. F) msh mRNA in dichaete− embryo. G) Ind expression in dichaete−
Kr-Gal4xUAS-Rho embryo. H) achaete mRNA in dichaete− Kr-Gal4xUAS-Rho embryo
I) msh mRNA in dichaete− Kr-Gal4xUAS-Rho embryo. Vertical line indicates position of
ventral midline and v, i and l indicate positions of ventral, intermediate and lateral col-
umns, respectively. All embryos are stage 8–9, all are ventral view except F and I, which
are ventral lateral views. Anterior is up.
213C. Moses et al. / Developmental Biology 360 (2011) 208–215or not (Figs. 9C–Dand8H). Thus, our genetic data support the hypothesis
that phosphorylated Ind must interact with Dichaete to repress achaete
expression in the intermediate column. While this interaction is impor-
tant for repression of achaete, this is not the case formsh.
Discussion
During the earliest stages of embryonic CNS development, the
EGFR pathway is a key regulator of DV patterning. We previously
demonstrated that EGFR signaling is required to activate expression
of Ind, and that Ind is required to sub-divide the neuroectoderm
into three domains (Cornell and Von Ohlen, 2000; Helman et al.,
2011; Weiss et al., 1998). Here we provide evidence that EGFR signal-
ing also plays a key role in regulating Ind repressor activity. We show
that Ind is phosphorylated by activated MAPK/Erk2 in vitro. Further-
more, we demonstrate that Ind is less effective at repressing target
genes, such as achaete and msh, in genetic backgrounds where
MAPK signaling is reduced. We also show that Ind phosphorylation
is crucial to repress some, but not all, target genes: Ind-mediated re-
pression of achaete is strongly dependent on MAPK phosphorylation,
whereas Ind repression ofmsh is less so. Although phosphorylation of
Ind plays a role in repression of msh, this modiﬁcation is apparently
not essential, given that ectopic Ind expression in the lateral column
is an efﬁcient repressor of msh regardless of Ind's phosphorylationstate. Finally, we demonstrate that repression of achaete by Ind is equal-
ly dependent on phosphorylation and on Dichaete. Our data suggests
that Ind uses EGFR-dependent and independentmechanisms to repress
target gene expression.
Our recent dissection of the functional domains within the Ind pro-
tein identiﬁed the amino-terminal Eh1 domain that interacts with
Groucho to repress transcription in vivo (Von Ohlen et al., 2007a), and
a second novel conserved repression domain that mapped between
the Eh1 domain and the homeodomain. This novel domain represses
transcription in a Groucho-independent manner (Von Ohlen and
Moses, 2009). We also identiﬁed an activation domain between amino
acids 94–223 that likely mediates Ind auto-activation. In addition, Ind
also likely binds to multiple co-factors, of which Dichaete and Groucho
have so far been characterized (Von Ohlen et al., 2007a; Zhao and
Skeath, 2002). Our ﬁndings indicate that repression of achaete, and to
a lesser degree msh, is affected by Ind phosphorylation. Potentially,
there are differential requirements for modiﬁcations and co-factors in
the ability of Ind to repress different target genes. Our genetic results
strongly support the hypothesis that interaction with Dichaete may be
inﬂuenced by Ind phosphorylation. Further molecular analysis is need-
ed to conﬁrm this hypothesis.
Fig. 9. Dichaete is essential for Ind repressor activity. A–D) achaetemRNA. A)Kr-Gal4xUAS
Dichaete embryo. B) Kr-Gal4xUAS-Dichaete UAS-Ind embryo. C) ind− Kr-Gal4xUAS-
Dichaete embryo D) dichaete− Kr-Gal4xUAS-Rho embryo. Arrows in C and D point to
areas where there is apparent ectopic achaete mRNA. A and B are ventral views and C
and D are ventrolateral views. Vertical line indicates position of ventral midline and v, i
and l indicate positions of ventral, intermediate and lateral columns, respectively. All em-
bryos are stage 8–9, anterior is up.
214 C. Moses et al. / Developmental Biology 360 (2011) 208–215Here we identiﬁed two candidate MAPK target sites, based on se-
quence homologies within the 320 amino acid Ind protein and on in
vitro kinase assay results. The S308 phosphorylation site is positioned
10 amino acids from the C-terminus of the protein, while the S135
site maps near the activation domain that we recently uncovered
(Von Ohlen and Moses, 2009; Fig. 5A). The positioning of these two
phosphorylation sites in distinctly different regions of Ind may per-
tain to the fact that Ind is a complex DNA binding homeodomain pro-
tein with multiple functions in transcriptional regulation.
It appears that Ind represses gene expressionusing anumber of differ-
ent methods that are context-speciﬁc, which probably depend on differ-
ences in the regulatory DNA sequences to which this transcription factor
binds, the identity of the target, and the availability of co-factors required
for repression. Our previous work uncovered that Ind represses target
gene expression using both Groucho-dependent and -independent
mechanisms (Von Ohlen and Moses, 2009; Von Ohlen et al., 2007a,
2009). We also reported that the EGFR pathway modulates the function
of the co-repressor, Groucho (Gro),which contains conﬁrmedMAPKcon-
sensus sites. Gro phosphorylation, in response to EGFR signaling, inter-
feres with the repressor capacity of this co-repressor using a
mechanism that is not yet understood (Cinnamon et al., 2008; Hasson
and Paroush, 2006; Hasson et al., 2005; Helman et al., 2011). At least in
vitro MAPK phosphorylation did not affect the strength of interactions
between Gro and several of its DNA-binding partners, (R.H. and Z.P.,
unpublished). By implication, phosphorylation should not affect Gro–
Ind interactions.
We previously established that Groucho–Ind interaction is neces-
sary for Ind-mediated repression (Von Ohlen et al., 2007a). The fact
that the interaction of Ind with the co-repressor, Dichaete, appears
to be affected by MAPK-mediated phosphorylation resolves the ap-
parent discrepancy that in any cell where activated MAPK levels are
high, Groucho may be inactive; yet our data presented here indicate
that Ind repression is enhanced by MAPK-mediated phosphorylation.Zhou et al. (2007) showed that Ind andDichaete physically interact to in-
hibit target gene expression. (Zhao et al., 2007) reported that two differ-
ent Dichaete constructs, spanning amino acids 1–302 and 296–391
interacted with Ind, and speculated that “Dichaete can interface with
two distinct regions of Ind”. The data presented here indicate that phos-
phorylation of Ind impacts the interaction of Ind with Dichaete and the
subsequent down-regulation of achaete expression. Indeed, our data
showing that Ind and Dichaete are both required for proper repression
of achaete transcription in the intermediate column is consistent with
previous results that these two proteins act coordinately (Buescher
et al., 2002; Overton et al., 2002; Zhao et al., 2007). The novel aspect of
our work is that this interaction appears to be dependent on the direct
phosphorylation of Ind by MAPK. It is possible that Dichaete is also di-
rectly phosphorylated by MAPK, as it is phosphorylated in the ovary by
Pelle (Mutsuddi et al., 2010). Further work is required to fully under-
stand the multi-faceted nature of the complexities of Ind-mediated
regulation.
Supplementary materials related to this article can be found on-
line at doi: 10.1016/j.ydbio.2011.09.022.Acknowledgments
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